Recent studies of primate models suggest that wild-type measles virus (MV) infects immune cells located in the airways before spreading systemically, but the identity of these cells is unknown. To identify cells supporting primary MV infection, we took advantage of mice expressing the MV receptor human signaling lymphocyte activation molecule (SLAM, CD150) with human-like tissue specificity. We infected these mice intranasally (IN) with a wild-type MV expressing green fluorescent protein. One, two, or three days after inoculation, nasal-associated lymphoid tissue (NALT), the lungs, several lymph nodes (LNs), the spleen, and the thymus were collected and analyzed by microscopy and flow cytometry, and virus isolation was attempted. One day after inoculation, MV replication was documented only in the airways, in about 2.5% of alveolar macrophages (AM) and 0.5% of dendritic cells (DC). These cells expressed human SLAM, and it was observed that MV infection temporarily enhanced SLAM expression. Later, MV infected other immune cell types, including B and T lymphocytes. Virus was isolated from lymphatic tissue as early as 2 days post-IN inoculation; the mediastinal lymph node was an early site of replication and supported high levels of infection. Three days after intraperitoneal inoculation, 1 to 8% of the mediastinal LN cells were infected. Thus, MV infection of alveolar macrophages and subepithelial dendritic cells in the airways precedes infection of lymphocytes in lymphatic organs of mice expressing human SLAM with human-like tissue specificity.
Measles virus (MV), a member of the Morbillivirus genus of the Paramyxoviridae family, causes measles, a highly contagious disease transmitted by respiratory aerosols that induces a transient but severe immunosuppression (16, 39) . In spite of eradication efforts, MV still accounts for about 4% of deaths worldwide in children under 5 years of age (4, 28) , due mainly to opportunistic secondary infections facilitated by MV-induced immune suppression (16) . Experimental analyses of the mechanisms of pathogenesis, including the characterization of cells and tissues supporting primary MV infection, is limited by host species specificity: old world monkeys and humans are the only natural MV hosts.
MV replication has been characterized mainly around the time of rash appearance, 10 to 14 days after experimental infection of monkeys (8, 9, 26, 46) . Viremia in blood cells peaks at or slightly before rash; infected B and T lymphocytes, monocytes, and dendritic cells (DC) are detected, while little if any cell-free virus is produced. Infected cells express the signaling lymphocytic activation molecule (SLAM, CD150), the lymphatic cell MV receptor (13, 20, 47) . More information about the cellular targets of wild-type MV infection in the airways immediately after contagion is sought; recent studies of monkeys have suggested that MV may replicate initially in immune cells in the airways (8, 24) rather than in lung epithelial cells as previously postulated (5, 37) .
The limited availability and high costs of primate experimentation motivated the development of transgenic rodent models of MV infection. Studies in the Ј90s were based on mice expressing human membrane cofactor protein (MCP; CD46), the receptor used only by the attenuated MV strain (11, 31, 55) . These studies indicated that airway macrophages are infected by the MV vaccine strain in the first days after intranasal (IN) inoculation and that blood monocytes and tissue macrophages disseminate the infection (29, 36) . To increase susceptibility to MV infection, CD46-expressing mice were crossed into an interferon receptor knockout (Ifnar ko ) background; this did not appear to change the cell-type specificity of viral replication (36) .
After human SLAM (hSLAM) was characterized as the immune cell receptor for wild-type and vaccine MV, several mouse strains expressing this protein were generated, as recently reviewed (41) . SLAM is a 70-kDa, type I transmembrane glycoprotein expressed on immune cells, such as acti-vated T cells, B cells, monocytes/macrophages, and DC (6) . It belongs to the immunoglobulin protein superfamily and has two extracellular domains named V and C2; V interacts with the MV attachment protein hemagglutinin (34) . SLAM determines Th2 cytokine production, such as that of IL-4, and it may be involved in the production of interleukin 12, tumor necrosis factor alpha, and nitric oxide by macrophages (44, 50, 53) . In addition, SLAM may induce B-cell proliferation and immunoglobulin synthesis. Importantly, hSLAM-expressing mice, but not CD46-expressing mice, can be infected by wild-type MV strains that use SLAM but not CD46 as a receptor (32) .
Initially a transgenic mouse model expressing hSLAM under the control of the T-cell-specific lck promoter was reported (17) . In this model, hSLAM expression was restricted to immature and mature lymphocytes in the spleen, thymus, and blood; lymphocyte proliferation was observed, but there were no clinical signs of disease. The second model was a mouse in which the hSLAM coding sequence was expressed under the control of the promoter of the ubiquitously expressed hydroxymethylglutaryl coenzyme A (HMGCoA) reductase protein (40) . In suckling mice, generalized but not necessarily relevant infections of most of the major organs were documented. Adult mice were less susceptible to MV infection; only intracerebral inoculation was productive, and it yielded viral proteins but no infectious virus. The third model consisted of a transgenic mouse expressing hSLAM in DC from a cDNA under the control of the CD11c promoter (18) . MV infections are limited to DC in this model and disrupt the function of these cells in stimulating adaptive immunity.
An alternative approach to transgenesis seeks human-like tissue specificity of expression. Toward this, Shingai et al. (42) added a full-length hSLAM gene to the mouse genome, showed that indeed these mice express hSLAM with humanlike tissue specificity, and crossed them in an Ifnar ko and human CD46-positive background. In this model CD11c-positive DC are instrumental in establishing MV infections. The fifth mouse strain was generated by exchanging only the MV binding site on mouse SLAM with that in the V domain of hSLAM (33) . Since humans and mice have similar tissue specificities of SLAM expression, this led to human-like expression. When these mice were crossed in an Ifnar ko background, efficient MV replication suppressing proliferative responses to concanavalin A was documented.
We previously generated a mouse strain expressing hSLAM with human-like tissue specificity in a STAT1-deficient background (54) . We showed that hSLAM expression was restricted to B and T lymphocytes and some monocytes/macrophages and that it was inducible by lipopolysaccharide (LPS), lectins, or anti-CD3 antibodies in immune cells, as in primates. Since the Ifnar ko background allows more efficient MV spread (29, 36) without apparent effects on the cell-type specificity of MV infection in mice (33, 42) , we crossed here these mice in the Ifnar ko background. We then used the Ifnar ko -SLAMGe mice to identify the cells infected by wild-type MV immediately after IN inoculation. We document efficient early infection of alveolar macrophages (AM) and DC. We also observed subsequent infection of all lymphatic organs and in particular of the mediastinal lymph node (LN), upon both IN and intraperitoneal (IP) inoculation.
MATERIALS AND METHODS
Mouse strains. To establish a transgenic mouse line expressing the hSLAM gene and deficient in the alpha/beta interferon response, Ifnar ko -CD46Ge mice (29) were crossed with SLAMGe mice (54) . The hSLAM gene was added to the genome of congenic C57BL/6 mice (54), but the Ifnar ko -CD46Ge mice are on a mixed C57BL/6 and C3H background (29) , and the crossing yields a mixed background. To obtain homozygous Ifnar ko -SLAMGe mice, the F 2 and F 3 progeny were screened for inactivation of both copies of the interferon alpha receptor gene (30) , for the availability of two copies of the hSLAM gene, and for the absence of the CD46 gene.
Since no simple PCR test for the hSLAM genotype was available, the site of insertion of the hSLAM gene in the mouse genome was characterized. To accomplish this, primers specific for terminal sequences of the human genome inserted in the bacterial artificial chromosome used for transgenesis (54) were synthesized. These primers were used in combination with primers provided in the GenomeWalker universal kit (BD Pharmingen, San Diego, CA) to identify the insertion site of hSLAM in the mouse genome, after nucleotide 47072810 of chromosome 12, in band B3 (mouse genome sequence available through www .ensembl.org). The hSLAM-specific analysis was then based on two combined PCRs. SLAM PCR 1 used the primer pairs 5Ј-GTGTCACCTAAATAGCTTG GCGTAATCATG and 5Ј-GTTAATATAGACAATGCCCATCTCCAGCAG, amplifying a 1,030-bp band including part of the hSLAM gene and part of the mouse chromosome 12. SLAM PCR 2 used the primer pairs 5Ј-AGCTTTCTG AATAGGGGTGTTACTTAATGC and 5Ј-GTTAATATAGACAATGCCCAT CTCCAGCAG, amplifying a 1,339-bp band of mouse chromosome 12. Mice homozygous for the hSLAM gene had a positive signal from PCR 1 and no signal from PCR 2.
Mouse infections. All animal experimental procedures were performed according to protocols previously approved by the Mayo Clinic Institutional Animal Care and Use Committee. Five-to 8-week-old animals were anesthetized with isoflurane (Novation, IL) and infected IN with 8 ϫ 10 5 50% tissue culture infectious doses (TCID 50 ) of MV in 100 l divided in two doses of 50 l (25 l in each nare) in Opti-MEM. Ten minutes elapsed between both inoculations. Five-to 8-week-old mice were infected IP with 1.5 ϫ 10 6 TCID 50 in 1 ml Opti-MEM to measure viral load in lymphatic tissues; for the experiments presented in Table 3 , the number of TCID 50 was 8 ϫ 10 6 . IN and IP infections with 10-fold smaller inocula were productive, but the results were difficult to quantify.
Viruses and virus stock preparation. MVwtIC323 (here abbreviated wtMV) was obtained from an infectious cDNA derived from the Ichinoise B (IC-B) wild-type strain and cloned in the plasmid p(ϩ)MV323 (provided by K. Takeuchi, University of Tsukuba, Tsukuba, Japan) (45) . wtMV green is a derivative of MVwtIC323 to which a transcription unit containing the open reading frame of enhanced green fluorescent protein (GFP) (12) was added upstream of the nucleocapsid gene (24) . Viruses were amplified on Vero/hSLAM cells as described by Radecke et al. (35) . Cells were scraped in Opti-MEM (Gibco/Invitrogen Corp., Grand Island, NY), and viral particles were released by two freezethaw cycles. Titers were determined by TCID 50 titration on Vero/hSLAM cells according to the Spearman-Kärber method (21) .
Blood and organ collection and preparation of single-cell suspensions. Blood samples obtained by terminal bleeding by cardiac puncture were collected in a microtainer tube with lithium heparin (Becton Dickinson, Franklin Lakes, NJ). Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation with Ficoll-Paque Plus (GE Healthcare, Sweden).
Nasal-associated lymphoid tissue (NALT), LNs, spleens, and lungs were collected aseptically and transferred into a 15-ml tube containing RPMI 1640 (Mediatech Inc., Herndon, VA) with 5% fetal bovine serum (FBS) (Gibco/ Invitrogen Corp.) and 1% penicillin/streptomycin (Mediatech Inc.). NALT was collected as follows (1): the facial skin was stripped from the head, and the nose tip, including the front teeth, was cut off. The cheek muscles and cheek bones were taken off. The soft and the hard palate were removed, and the NALT was excised distal to the emergence of the palatine nerve. To obtain single-cell suspensions, NALT, LNs, and spleens were transferred to a 70-m-pore-size cell strainer (BD Biosciences, Bedford, MA), mashed with the plunger of a syringe, washed with RPMI 1640 medium, and resuspended in this medium.
Single-cell suspensions from lungs were generated as described in reference 38, with some modifications. Briefly, the lungs were aseptically collected in 10 ml of RPMI 1640 with 5% FBS and 1% penicillin/streptomycin, reduced to small pieces (approximately 1 to 2 mm 2 ), and digested at 37°C for 1 h in 10 ml phosphate-buffered saline (PBS) (Mediatech) containing 300 U/ml collagenase type II (Worthington, Lakewood, NJ) and 0.15 mg/ml DNase (Roche Diagnostics, Germany). After digestion, lung pieces were minced with the plunger of a syringe and washed in a 70-m-pore-size cell strainer with RPMI 1640. Cells were centrifuged and resuspended in 3 ml of red cell lysis buffer (ACK lysis buffer; 0.15 M NH 4 Cl, 1 mM KHCO 3 , 0.1 mM EDTA, pH 7.2) and incubated at 37°C for 3 min. Cell suspensions were washed once with RPMI 1640 medium in a 70-m-pore-size cell strainer, centrifuged, and resuspended in RPMI 1640 medium.
Immunohistochemistry and immunofluorescence. Initial preparation of tissues was as follows: tissues were collected at different time points after infection, embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrence, CA), and frozen by immersion in liquid nitrogen-cooled methylbutane (Sigma-Aldrich Inc., St. Louis, MO). Tissue sections 4 to 6 m in thickness were obtained, fixed in 99.5% histological-grade acetone (Sigma-Aldrich), and stored at Ϫ80°C until further use. Sections were thawed at room temperature (RT) for 5 min and fixed in 2% paraformaldehyde solution (USB Corporation, Cleveland, OH) for 10 min.
For immunohistochemistry staining, frozen sections were incubated with peroxidase blocking reagent (Dako, Carpinteria, CA) for 30 min at RT, incubated with background reducer solution (Background Sniper, Biocare Medical, Concord, CA) for 30 min at RT, and incubated with anti-MV N polyclonal antibody (48) diluted in Background Sniper solution for 1 h at RT. Sections were then washed with Bio-Rad Tris-buffered saline (20 mM Tris, 500 mM NaCl) and incubated with rabbit or rodent alkaline phosphatase-polymer solution (Biocare Medical) for 20 min at RT. Alkaline phosphatase was visualized with red chromogen substrate (Biocare Medical). Sections were counterstained with hematoxylin (Vector, Burlingame, CA) and mounted with permanent mounting medium (Vector).
For immunofluorescence staining, sections were permeabilized for 3 min at RT in PBS with 0.1% (vol/vol) Triton X-100 (Sigma-Aldrich). Sections were incubated with 5% goat serum blocking solution for 30 min at RT. Streptavidinbiotin blocking was performed prior to incubation of sections with biotinylated anti-major histocompatibility complex class II (MHC-II) (I-A b ) antibody, using a streptavidin-biotin blocking kit (Vector). After blocking, sections were incubated 1 h at RT with antibodies diluted, according to the manufacturer's recommendations, in blocking solution. MV N protein was detected with a rabbit polyclonal anti-MV N antibody (described above) at a dilution of 1:100 and incubated with Alexa Flow cytometry. For flow cytometry analysis, whole lungs were collected without lavage, to allow the inclusion of bronchoalveolar cells. A single-cell suspension was prepared as described above. Cells were counted using a hemacytometer after diluting with trypan blue dye to exclude dead cells. Isolated cells were resuspended at a density of 10 6 cells/50 l. To identify specific cell subpopulations, a multicolor staining was performed by incubating cells with appropriate antibodies (1 g per million cells), for 45 min on ice. GFP was assessed to identify MV-infected cells. For the identification of CD4 ϩ T cells, anti-CD4-phycoerythrin (PE) (H129.19; BD Pharmingen) and anti-CD3-allophycocyanin (APC)-Cy7 (17A2; eBioscience) antibodies were used. For the identification of CD8 ϩ T cells, cells were stained with anti-CD8-PE-Cy7 (53-6.7; eBioscience) and anti-CD3-APC-Cy7 (eBioscience) antibodies. B lymphocytes were identified with anti-CD45R (B220)-APC-Cy7 (RA3-6B2; eBioscience). In order to reduce -CD46Ge mice were used as negative controls, and mockinfected animals were used as a negative control for GFP expression. Acquisition of samples was performed on a cytometer (FacsCanto or LSRII; BD Biosciences) and analyzed using FlowJo software (Tree Star Inc., Asland, OR). Statistical analysis was performed with standard paired t tests using the JMP7 software (SAS, Cary, NC).
Quantification of virus load in lymphatic organs. Single-cell suspensions from mandibular, mediastinal, mesenteric, and inguinal LNs and spleens were obtained as described above. Serial 10-fold dilutions of mononuclear cells were made in DMEM with 5% FBS and 1% penicillin/streptomycin. Four replicates of 10 1 to 10 5 mononuclear cells were cocultured with 5 ϫ 10 5 Vero/hSLAM cells in 24-well plates, and 10 6 mononuclear cells were cocultured with 10 6 Vero/hSLAM cells in a 100-mm dish. Cultures were monitored for cytopathic effects 4 days later. Virus titers were expressed as TCID 50 per 10 6 cells.
RESULTS
Ifnar ko -SLAMGe transgenic mice. To generate mice susceptible to wild-type MV infection, the hSLAM gene, including all its transcription control elements, was previously transferred to the mouse genome (54) . In another approach to enhance replication of any exogenous virus in mice (30) , the mouse interferon type I receptor gene was inactivated (Ifnar ko background). For our study we combined these desirable characteristics by crossing hSLAM-expressing with Ifnar ko mice; to facilitate progeny screening, we mapped the insertion site of the hSLAM gene in the mouse genome, as detailed in Materials and Methods. The resulting mouse strain was named Ifnar ko -SLAMGe. It is defective in the interferon type I response and expresses hSLAM with human-like tissue specificity; for example, 11 to 13% CD3-positive T cells of these mice express hSLAM (data not shown), compared to 10 to 20% CD3-positive T cells of humans (6, 43); 28 to 31% CD19-positive B cells of these mice express hSLAM, compared to 20 to 25% CD20-positive B cells of humans (data not shown).
hSLAM expression in lymphatic tissue of Ifnar ko -SLAMGe transgenic mice. We document here cell-type specificity of hSLAM expression in the mediastinal LN, previously shown to be important for MV infection of SLAM "knock-in" mice (33) ; in these mice, MV reaches higher titers in this LN than in other lymphatic organs. Single-cell suspensions were prepared from the mediastinal LNs of five uninfected Ifnar ko -SLAMGe mice and stained with specific markers to indentify B cells (B220), T cells (CD3), and macrophages (CD11c low Mac-1 high ). Cells were gated for live leukocytes and analyzed for hSLAM expression within each cell population. Figure 1 documents hSLAM expression in one representative animal. About 5% B cells (Fig. 1A , left, compare top left and right quadrants) and 2% T cells (Fig. 1B, left , compare top left and right quadrants) scored positively; the right panels in Fig. 1A (Fig. 1C, left, bottom right quadrant) , hSLAM expression was below the detection level (Fig. 1C,  right) .
Human (14, 22) . Figure 2 documents hSLAM expression in these cells. About 5% of B cells (Fig. 2A, left , compare top left and right quadrants) and 4% of T cells (Fig. 2B , left, compare top left and right quadrants) of one animal scored positively; the right panels in Fig. 2A and B document hSLAM expression levels in ulation of Ifnar ko -SLAMGe mice. Candidate host tissues/cell types include NALT and immune cells in the airway lumen or subepithelial airway tissue. Mice were inoculated with wtMV green , a GFP-expressing virus; since wtMV interacts with SLAM but not CD46, Ifnar ko mice expressing CD46 but not SLAM served as a negative control. One to seven days after IN inoculation, as indicated in Table 1 , NALT and the lungs were harvested; in addition, mandibular and mediastinal LNs, thymuses, spleens, and PBMC were collected. Cells from these organs were cocultured with Vero/hSLAM cells, and the appearance of syncytia was monitored over 4 days.
As shown in Table 1 , wtMV was isolated from the lungs of every Ifnar ko -SLAMGe mouse at every time point. Virus was also isolated from the lungs of all three Ifnar ko -CD46Ge mice sacrificed 1 day postinfection (p.i.), but not at later time points (data not shown), suggesting that some of the virus reisolated at day 1 may be the inoculum. At 2 days p.i., virus was recovered from the mediastinal LNs in 2 out of 3 animals. At 3 and 7 days p.i., virus was isolated from the mediastinal LN and the spleen of most mice and from the mandibular LN, thymus, and PBMC of some mice. However, no virus was isolated from the NALT of any animal. These observations suggest that wtMV replicates initially in the lungs of Ifnar ko -SLAMGe mice and then spreads to lymphatic organs through infected cells circulating in the lymphatics rather than in the blood.
To assess whether the inoculum accounts for a significant fraction of the signal detected after inoculation, we infected Ifnar ko -SLAMGe mice IN with UV-inactivated wtMV green . Mice were sacrificed 1, 2, or 3 days after inoculation, and whole lungs examined under a fluorescence microscope; no fluorescence was detected in mice infected with UV-inactivated virus. On the other hand, the pattern of GFP expression was quite homogeneous; in four of four Ifnar ko -SLAMGe mice inoculated with live virus, green fluorescence was observed with all the lobes of the lung and reached into the lower respiratory airways (data not shown). As an additional control, we infected Ifnar ko -CD46Ge mice with wtMV green , but again no fluorescence was detected with the lungs of these animals (data not shown). Since the UV-inactivated inoculum is not detectable by analysis of GFP fluorescence, we conclude that 1 day postinoculation significant MV replication accounts for strong GFP expression.
AM sustain wtMV replication in the lungs. We then assessed by immunohistochemistry (Fig. 3A and B) and immunofluorescence ( Fig. 3C to H) which cell types sustain MV replication in the airways. Ifnar ko -SLAMGe mice were infected IN with wtMV green , and lungs were collected 1 day postinoculation, frozen, and stained with an anti-N antibody (red). Figure 3A and B show one representative immunohis- To assess the identity of infected cells and differentiate between AM and other immune cells, including DCs, we stained lung sections with an anti-N antibody (green) and different cellular markers: the immune cells markers CD11c, F4/80, CD2 (also named LFA-2), Mac-1 (also named CD11b) and MHC-II, and the epithelial cell marker EpCAM (14, 22) . None of the infected cells were EpCAM positive (Fig. 3G) , suggesting that epithelial cells are not infected. Infected cells were often CD11c, F4/80, and CD2 positive (Fig. 3C to E) but very rarely Mac-1 or MHC-II positive ( Fig. 3F and H) . Even if none of the above markers is entirely specific for one type of immune cells, all together, these results suggest that AM may sustain primary wtMV infection in the lungs.
To quantify the level of infection of AM and other immune cell types, mice inoculated IN with wtMV green were sacrificed 1 or 3 days later. Lungs were collected, tissue cells were dissociated, and GFP expression was analyzed using flow cytometry. The analysis presented in Table 2 indicates that AM (sorted as CD11c high MHCII low Mac-1 low F4/80 high cells) were infected at the highest levels (2.4 Ϯ 0.9%) 1 day postinoculation (P ϭ 0.0016 between AM and epithelial cells). Conventional DC (sorted as MHCII high CD11c high cells) were infected at about five times lower levels (0.5 Ϯ 0.2%; P ϭ 0.0024 between DC and epithelial cells), whereas only 0.1 to 0.3% of different populations of lymphocytes were infected. Near-background (0.1%) levels of infection of epithelial cells were documented.
At day 3 postinfection low (0.1 to 0.7%) levels of infections were documented for all immune cell types analyzed, with AM and CD4 T cells being infected at the highest levels; monocytes that are available in unperfused lungs were infected at levels similar to those of other immune cell types (0.4%). Epithelial cell infection remained near background (0.1%). These data confirm that AM are the main initial target cells for wtMV infection and also indicate that wtMV replication in immune cells located in the mouse airways is limited and short lived. We also detected cellular infiltrates in the lungs 3 days p.i., which was due mainly to neutrophils (data not shown).
wtMV infects AM expressing SLAM, and MV infection enhances SLAM expression. To assess whether hSLAM expression correlates with MV infection, we inoculated Ifnar koSLAMGe mice IN with wtMV green and analyzed hSLAM expression on AM collected 1 day after inoculation. AM from mock-infected Ifnar ko -SLAMGe mice and from infected Ifnar ko -CD46Ge mice served as controls. AM were sorted as CD11c high , MHCII low , and Mac-1 low cells (Fig. 4) . Figure 4A (far right, right quadrants) shows that background (0.12%) SLAM expression was detected with AM from control Ifnar ko -CD46Ge mice. On the other hand, 0.86% of AM of Ifnar ko -SLAMGe mice mock infected with the postnuclear fraction of uninfected Vero/hSLAM cells expressed SLAM (Fig. 4B, far right, right quadrants) . Remarkably, about 16% (1.44% GFP-positive and 14.8% GFP-negative) of AM of infected Ifnar ko -SLAMGe mice expressed SLAM (Fig. 4C , far right), which may reflect AM activation.
Importantly, about 1 in 11 SLAM-expressing AM were infected (Fig. 4C , compare numbers in top and bottom right panels), whereas 1 in 28 SLAM-negative AM were infected (Fig. 4C , compare numbers in top and bottom left panels). Analysis of AM from an additional four animals confirmed two or three times preferential infection of SLAM-expressing cells (data not shown). These data confirm that infection of AM in a SLAM-dependent manner is a crucial step in the early stages of MV infection. Enhanced hSLAM expression on infected and noninfected AM is short lived: 3 days after infection, hSLAM expression returned to levels slightly above the values found on AM from mock-infected mice (data not shown).
Spread in the lymphatic organs. We further characterized wtMV spread by quantifying viral replication in different lymphatic organs of Ifnar ko -SLAMGe mice 3 days after IN inoculation. As shown in Fig. 5A , the mediastinal LNs were infected with high efficiency in two mice and at lower levels in three other animals, whereas the other lymphatic tissues (mandibular, mesenteric, and inguinal LNs and spleens) were infected at low or undetectable levels. Thus, the mediastinal LN that drains the respiratory tract appears to be a prominent site of wtMV replication after IN infection of Ifnar ko -SLAMGe mice, as well as knock-in hSLAM-expressing mice (33) .
We then asked whether this effect is due to the IN route of infection or to a stronger susceptibility of cells in the mediastinal LN to wtMV infection. We inoculated mice IP and compared replication levels in a LN located in the peritoneum (mesenteric), one in the thoracic cavity (mediastinal), and two control lymph nodes (mandibular and inguinal). Three days later lymphatic tissues were harvested, and the viral load was measured. Again, a high wtMV titer was documented for the mediastinal LN (Fig. 5B ): in different mice 1 to 8% of the cells of this LN were infected 3 days p.i. The average levels of infected cells in the mandibular, mesenteric, and inguinal LNs and the spleens were 10 to 100 times lower, but the differences between different LNs were not statistically significant. Six days p.i. (Fig. 5C ), 0.01 to 0.1% of the cells were infected in all lymph nodes and in the spleen.
Finally, we sought to identify which cells support wtMV replication in the mediastinal LN and whether infection correlates with SLAM expression. A group of 6 Ifnar ko -SLAMGe mice was inoculated IP, mediastinal LNs were collected 3 days p.i., single-cell suspensions were obtained, and GFP expression was analyzed by flow cytometry. As shown in Table 3 , lymphocytes were infected at the highest levels: 2 Ϯ 0.7% of B cells
CD11c high ) were infected at similar levels (1.4 Ϯ 0.4% infection), but macrophages (CD11c low Mac-1 high MHCII high ) were infected at lower levels (0.6 Ϯ 0.1%). We note that DC and macrophages account only for a small fraction of cells in the mediastinal LN and thus that lymphocytes are by far the most abundant cell type infected.
DISCUSSION
A new small-animal model of MV infection. Small-animal models for measles do not mimic exactly the human disease but allow one to focus on particular aspects of infection. We focused our study on the question of which cells are infected immediately after respiratory inoculation and documented that hSLAM-expressing AM, as well as DC, are the initial targets in the lungs. These cells may ferry the infection through the epithelial barrier. Similarly, recent work with wild-type and selectively receptor-blind MVs (8, 24) and with a selectively receptor-blind canine distemper virus (52) provided evidence for a model of morbillivirus dissemination postulating that these viruses take advantage of SLAM-expressing immune cells situated in the lumen of the respiratory tract of natural hosts to cross the epithelial barrier after contagion.
Our improved mouse model has an immune-deficient background: we generated hSLAM transgenic mice whose innate immune systems are compromised by the deletion of the interferon alpha receptor. As expected, the Ifnar ko background allowed more extensive MV infections than the previously used STAT1-defective background (54) . Minimal MV replication in hSLAM-expressing mice that are immunocompetent did not allow a sensitive study of the cell-type specificity of infection, and we do not know whether prevention of the interferon type I response induces a different cell-type specificity of infection. However, we know this was not the case for other mouse strains expressing CD46 or hSLAM in Ifnar ko -background mice (33, 42) , and we do not have indications of the contrary for our mouse strain.
Most characteristics of the Ifnar ko and the STAT1-defective strain were similar. For example, equivalent levels of SLAM expression were observed with different cell types. Moreover, for the STAT1-defective mice, we reported enlarged lymph nodes and splenomegaly due to immune cell infiltration (54); similarly, 6 days postinoculation we observed enlarged lymph nodes with the Ifnar ko mice, and the weight of their spleens was on average double the normal amount (119.8 Ϯ 23.4 mg versus 54.8 Ϯ 6.2 mg in uninfected mice [average and standard deviation in groups of five mice]).
The cell-type specificity of expression of hSLAM suggests that a wild-type MV might infect certain target lymphocytes, monocytes/macrophages, and DC in transgenic mice. Indeed, we monitored and quantified MV entry in these cell types and documented predominant interactions with AM and DC 1 day (Table 3) but also in other LNs and lymphatic organs (data not shown). Thus, our model reproduces the lymphatic phases of the infections of MV and other morbilliviruses in their natural hosts (26, 51) . Crossing the epithelial barrier: alternatives. One day after IN inoculation with 10 6 TCID 50 , MV replication was documented for about 2.5% of AM and 0.5% of DC of hSLAMexpressing mice. MV replication was below detection levels in Ifnar ko mice not expressing hSLAM, indicating that scavenging of infectious virus by Ifnar ko AM rarely if at all results in productive infection. Since there are about 2 million AM in a mouse (49), about 5 ϫ 10 4 AM were productively infected and expressed GFP. Even if only 1 in 1,000 infected AM crosses the lung epithelium, about 50 of these cells would have the opportunity to transmit infectivity to the lymphatic organs. AM are implicated in the translocation of particles from the lungs to the draining lymph nodes (19) , a process that MV may exploit to cross the epithelial barrier: infected AM might migrate to the draining lymph nodes and spread infection to B and T lymphocytes. The fact that replication of an MV vaccine strain in CD46-expressing transgenic mice is most prominent for macrophages after inoculation by three different routes (36) is consistent with these cells sustaining the immediate-early phase of MV infection. Moreover, for Ifnar ko -CD46Ge mice, in vivo depletion of AM resulted in strong local DC infiltration, virus infection of infiltrating DCs and macrophages, and ultimately higher virus titers for lymphatic tissues (36) . Thus, while protecting other immune cells from infection, AM also support MV replication in the lungs and are likely to be one of the pathways exploited by MV to cross the epithelial barrier.
Another potential ferry for MV are DC present in the subepithelial tissues of the airways. We have observed that there are about 10 times less DC than AM in the lungs of mice and estimate that about 0.5% of 2 ϫ 10 5 DC, or about 1,000 DC, are infected. It has been reported that DC infected with influenza virus rapidly migrate from the respiratory tract to the draining LN (15) , beginning 2 h after infection (23) . Analogously, DC productively infected with MV might cross the epithelial barrier and rapidly disseminate virus in the lymphatic organs, including the mediastinal LN. Alternatively, the virus would attach to DC through DC-SIGN but not replicate, and DC would transinfect T lymphocytes (10) . DC that carry low levels of MV may be detected inefficiently by flow cytometry, resulting in an underestimation of the efficiency of infection. Finally, it is also possible that cell-free virus exploits breaks in the epithelial barrier to reach immune organs through the lymphatics, but the efficiency of AM and DC infection is consistent with either cell type being more important than epithelium leakage as the primary means for MV to cross the epithelial barrier. SLAM expression and virus amplification. Ohno et al. (33) observed that the mediastinal LN is preferentially infected in mice expressing a human-mouse SLAM hybrid, and several lines of evidence in our study suggest that a similar phenomenon occurs in our mice expressing hSLAM. To assess whether this is explained simply by higher receptor expression, we measured hSLAM expression levels in this and the mesenteric, mandibular, and inguinal LNs of uninfected animals but failed to document significant differences (data not shown). Thus, the a Average Ϯ standard deviation (range of counts); group size was 6 animals (both groups).
cause for preferential MV spread in the mediastinal LN remains to be determined.
In transgenic mice (Fig. 4) , as in human tonsillar tissue (7), MV infects predominantly, but not exclusively, immune cells expressing SLAM. We do not know if the apparently SLAMindependent entry really occurs; it is possible that hSLAM expression is undetectable with antibodies but still sufficient to facilitate viral entry.
After IN inoculation with MV, hSLAM expression is enhanced in infected and noninfected AM. Similarly, ex vivo induction of SLAM expression after MV infection was previously reported for monocytes (3, 27) . The mechanisms activating SLAM expression in both systems are unknown and could be indirect. Nevertheless, since SLAM is a low-affinity selfligand glycoprotein (25) , increase of its expression in few target cells may cause a feedback loop of cell activation. This feedback loop may in turn sustain extremely rapid spread of Morbillivirus infections in natural hosts (51) .
The new mouse model developed in this study allowed characterization of the immediate-early phases of wild-type MV infection in the respiratory airways of an interferon-defective host and gave quantitative insights in the cell types supporting primary MV replication in the lungs of this host. Future studies will address the relative importance of AM and DC for supporting primary MV infection and ferrying virus through the epithelial barrier in mice and the question of the levels of infection of these cells in interferon-competent hosts.
